LiFePO 4 materials synthesized using FePO 4 (H 2 O) 2 and Li 2 CO 3 blend were optimized in view of their use as positive electrodes in Li-ion batteries for hybrid electric vehicles. A strict control of the structural properties was made by the combination of X-ray diffraction, FT-infrared spectroscopy and magnetometry. The impact of the ferromagnetic clusters (γ-Fe 2 O 3 or Fe 2 P) on the electrochemical response was examined. The electrochemical performances of the optimized LiFePO 4 powders investigated at 60˚C are excellent in terms of capacity retention (153 mAh·g -1 at 2C) as well as in terms of cycling life. No iron dissolution was observed after 200 charge-discharge cycles at 60˚C for cells containing Li foil, Li 4 Ti 5 O 12 , or graphite as negative electrodes.
Introduction
Since the introduction of lithium-ion batteries based on lithium cobaltate (LiCoO 2 ) by Sony in 1991, great efforts have been addressed to find an alternative material with both sides of the battery. However, the expansion of their applications from the portable market to the electric (EVs) and hybrid vehicles (HEVs) requests lower cost and better safety characteristic electrode material. Among the well-known Li-insertion compounds, the olivine LiFePO 4 (LFP) compound is being extensively investigated as a positive electrode material for Li-ion batteries because of its low cost, low toxicity, and relatively high theoretical specific capacity of 170 mAh·g -1 [1, 2] . The current debate for the utilization of LiFePO 4 in large-size batteries (for HEV, for instance), is mainly focused on the perceived poor rate capability because of a low electronic conductivity. Another aspect concerns the material purity and the non-migration of iron ions through the electrolyte. The high-temperature performance is also a critical issue because batteries may be operated at elevated temperatures (around 60˚C). The early drawback of highly resistive LiFePO 4 has been resolved by painting the particle surface with carbon [3] [4] [5] [6] .
Recently, significant effort has been underway to improve LiFePO 4 by developing a new synthesis route via carbon coating [7] . The 1D Li channels make the olivine performance sensitive not only to particle size, but also to impurities and stacking faults that block the channels. Various types of iron-based impurities have been identified in the olivine framework: for examples γ-Fe 2 O 3 , Fe 3 O 4 , Li 3 Fe 2 (PO 4 ) 3 , Fe 2 P 2 O 7 , Fe 2 P, Fe 3 P, Fe 75 P 15 C 10 , etc. Critical quality control of the product is necessary to obtain a complete understanding of synthesis conditions using combination of experiments such as Raman spectroscopy and magnetic measurements [8] [9] [10] [11] [12] .
In this paper, we report the results obtained on several samples of LiFePO 4 (LFP) with special attention to the new generation of phospho-olivine materials used in lithium cells operating at 60˚C. The magnetic properties are correlated with the electrochemical performance of the positive electrode materials. Magnetization and susceptibility measurements appear to be a powerful probes for impurity detection at very low concentration of trivalent iron (<1 ppm). Electrochemical performances of Liion cells with Li 4 Ti 5 O 12 (LTO) negative electrode are reported with a strict control of iron dissolution by postmortem analysis.
blend was heated at 500˚C -800˚C for 8 h under reducing atmosphere. Four samples have been considered heated at carbon-coated LiFePO 4 (C-LFP) was prepared with sucrose and cellulose acetate as the carbon precursors in acetone solution according to the following procedure. The carbon-free powder was mixed with the carbon precursors. The dry additive corresponded to 5 wt% carbon in LiFePO 4 . After drying, the blend was heated at 700˚C for 4 h under argon atmosphere. The quantity of carbon coat represents about 1 wt% of the material (C-detector, LECO Co., CS 444). 3 are formed in such large quantities that they are detected by X-rays by sintering above 800˚C [13] . Nevertheless, we know from our prior work [10, 11] that LiFePO 4 , even with an intermediate sintering temperature in the range 500˚C -800˚C, does contain Fe 2 O 3 nanoparticles, although in such small quantities that they can be detected only by investigation of magnetic properties.
X-ray diffractometry (XRD) was carried out with a Philips X'Pert apparatus equipped with a CuKα X-ray source (λ = 1.5406 Å). Slice views were examined with a scanning electron microscope (SEM, Philips XL30). Fourier transform infrared (FTIR) absorption spectra were recorded with a Fourier transform interferometer (model Bruker IFS113v) in the wavenumber range 150 -1400 cm -1 at a spectral resolution of 2 cm -1
. Magnetic measurements (susceptibility and magnetization) were carried out with a fully automated magnetometer (MPMS-5S from Quantum Design) using an ultra-sensitive Superconducting Quantum Interference Device (SQUID) in the temperature range 4 -300 K. The experimental details are given elsewhere [11] . The electrochemical properties of LiFePO 4 were measured at 60˚C in cells with metallic lithium as the negative electrode. The electrolyte was 1 M LiPF 6 in EC/DEC (1/1) solvent. The measurements were carried out following the experimental procedure previously described [14] using the coffee-bag technology developed at Hydro-Québec. Coffee-bag or laminated battery technology was described by Zaghib and Armand [15] . generation of LFP after 200 cycles (47 days) at 60˚C are also shown in Figure 1 . There is no change in the olivine structure after cycling at 60˚C. We observed Bragg lines with the same intensity as that for the pristine material. The capacity loss was below 3% in 100 cycles for this optimised electrode material, which also displays excellent capacity retention. First, we present an overview of the high-temperature performance for an optimised LFP sample. The coffee-bag cell was charged and discharged at C/8 for the first cycle followed by 12 cycles at C/4 with 1 h rest before each charge and discharge. This high temperature test was made at 60˚C, which is the appropriate condition to investigate possible iron dissolution in non-aqueous electrolytes.
The local structure of LFP materials was studied by FTIR in the spectral range 150 -1400 cm -1 ). Figure 2 presents the FTIR spectra of several LiFePO 4 samples in the low-wavenumber region (300 -600 cm -1 ) involving bending modes and in the high-wavenumber domain (600 -1300 cm -1 ) involving stretching vibrations. A comparison can be established between impurity-containing samples (A-type) and the optimised phospho-olivine material (B-type). In the low-wavenumber region of the active symmetric and asymmetric (ν 2 -ν 4 ) bending modes of P-O bonds, we observe two well-resolved doublets at 349 -377 and 468 -500 cm -1 for the optimised C-LiFePO 4 . When an impurity such as Li 3 PO 4 (sample A) is present, the FTIR spectrum displays some modifications in the shape of the doublets and an additional IR band grows at 424 cm -1 . The presence of an impurity was also observed in the high-wave number region of the symmetric and asymmetric (ν 1 -ν 3 ) modes of PO 4 due to the symmetric stretching mode of P 2 O 7 pyrophosphate groups, while the high-frequency band at 1180 cm -1 is assigned to the vibration of the PO 3 terminals [17] [18] [19] . These two spectral features are fingerprints of the diphosphate impurity. The inclusion of Li 3 PO 4 is observed by additional spectral features such as enhancement of the asymmetric stretching (ν 3 ) vibration of (PO 4 ) 3- oxo-anions. It is worth noting that FTIR measurements (like X-ray diffractometry) are not sensitive to detect of low concentrations of impurities (at the ppm level). The FTIR features show that the carbon does not penetrate significantly inside the LiFePO 4 particles, although it is very efficient in reducing Fe 3+ , which prevents γ-Fe 2 O 3 clustering, thus pointing to a gas-phase reduction process. Figure 3 (a) presents the typical SEM image of the prepared LiFePO 4 material. The powders are composed of agglomerated crystallites of size 150 nm in average. The existence of the carbonaceous film is also indicated by the bright-field TEM image presented in Figure 3(b) . This image displays representative primary particles with a network of carbon in the interstitial grain-boundary region. In the micrograph, the LFP crystallites appear as the darker regions while the carbon coating is surrounding the primary particle as the grayish region.
Iron(III) Nanoclusters in LiFePO 4
LiFePO 4 undergoes a transition to antiferromagnetic (AFM) order at a Néel temperature T N = 52 K [20] . Figure 4 shows the temperature dependence of the reciprocal magnetic susceptibility for three samples. While nano-sized ferromagnetic particles were evidenced in previously prepared LiFePO 4 , such clusters do not exist in the optimized LiFePO 4 [10, 11] . Magnetic measurements illus- (b) secondary particle
Carbon deposit primary particle Analysis of the magnetic properties gives an average separation of the magnetic clusters that is too large for interaction between particles (superparamagnetic model). This hypothesis must be released where the number n of magnetic clusters is so large that magnetic interactions between the ferrimagnetic particles become important [9] . At high fields, M extrin saturates to Nnµ so that this quantity is readily determined as the ordinate at H = 0 of the intersection of the tangent to the magnetization curves at large fields. As a result, we find that Nnµ does not depend significantly on temperature below 300 K. We are in the situation where the cluster magnetization is temperature independent, which amounts to say that the Curie temperature T C inside the clusters is much larger than 300 K. This is important information on the nature of the ferromagnetic clusters. In particular, this feature precludes the existence of Fe 2 P clusters in some LFP samples prepared according to a different procedure [10] , since the Curie temperature of these clusters is only 220 K. The nature of the strongly ferromagnetic clusters in the present case is most likely maghemite (γ-Fe 2 O 3 ).
It is remarkable from Figure 4 
Influence of the Fe 2 P Nanoclusters
The electrochemical properties of LFP are known to be sensitive to the mode of preparation and the structural properties [21] . This can be an advantage for potential applications since it allows for an optimization of the material if we can correlate the mode of preparation with the structural and the physical properties. To address this issue, we investigated this relationship in LiFePO 4 sample that were grown at different conditions. Undesirable impurities in the lattice can be introduced during the growth process. For instance, the presence of Fe 2 P can increase the electronic conductivity, but on the other hand it also decreases the ionic conductivity so that both the capacity and cycling rates are degraded with respect to C-LFP. The presence of a small concentration (>0.5%) of Fe 2 P is evidenced in Figure 4 by the appearance of an abnormal x(T) behaviour with the occurrence of a shoulder near T C = 265 K, the Curie temperature of the ferromagnet Fe 2 P. Figure 5 shows the Arrhenius plot of the electronic conductivity, σ elec , of three LiFePO 4 samples: a pure material, a Fe 2 P-containing sample, and a C-LFP. It is obvious that addition of either iron phosphide or carbon enhances greatly σ elec but to the detriment of the capacity for the former compound, as it will be discussed next. Furthermore, we know that hydrogen, carbon monoxide, or carbon can reduce Fe 2 O 3 through different reduction steps that depend on temperature and other physical parameter such as particle size. Although we anticipate that over 1000˚C carbon might reduce Fe 3+ ions or through the formation of CO gas to prevent the formation of γ-Fe 2 O 3 , other factors may be involved. We believe that the carbon deposition process, which was organic precursors to make C-coated samples, generates a reductive gas such as hydrogen that is more kinetically active and reduces Fe 3+ impurities in the 400˚C -700˚C temperature range used in our studies. This model is also favoured by the fact that the organic precursor is usually mixed with the LFP material or with the LiFePO 4 chemical precursors by solution processes at a molecular-size level. However, as presented in Figure 5 , the carbon coating greatly enhances the electronic conductivity of the LFP graphite, and Li 4 Ti 5 O 12 . A lithium metal anode gave exact capacity during charge-discharge process with Li metal excess 2.5 times to LiFePO 4 cathode material. Due to the large excess of lithium metal, it was difficult to observe the capacity fade with this anode at 60˚C. Graphite anode was 5% of excess to LiFePO 4 cathode. This type of anode can detect easily the dissolution of iron because the passivation layer of graphite anode is ionic conductor and electronically insulator; so the dissolution of iron from the cathode side to the anode increases the electronic conductivity of passivation layer of graphite that results on the capacity fade of the cell. LTO has been used because is passivation layer free and zero strain material. The anode has 0% excess to the cathode that gives the high stability of the cycling and also prevents side reactions or reduction of electrolyte to the potential of LTO (1.5 V vs Li + /Li 0 ).
particles that allows high rate for the charge discharge process. Figure 6 displays the electrochemical charge-discharge profiles of Li//LFP cells cycled at room temperature with pure LiFePO 4 and with Fe 2 P-containing electrode material. It is obvious that at the rate 2C, the capacity retention decreases significantly for the material containing few% of Fe 2 P. A close examination was made for the detection of any iron dissolution that could occur after long-term cycling. The analysis of iron species was investigated at the separator/lithium (SL) interface by SEM cross-section (slice view) as shown in Figures 7(a) and  (b) . The micrograph (Figure 7(a) ) obtained from evaluation of the earlier generation material shows the presence of iron islands at the SL interface. Obviously, some iron particles (or ions) migrate through the electrolyte from the LiFePO 4 positive electrode to the lithium negative. The net effect of this migration is a large decrease in capacity retention of the Li//LFP cell. Figure 7(b) shows the post-mortem micrograph obtained from tests with an optimised electrode in a Li cell with a lithium foil negative. In this case, there is no iron detected at the SL interface, which remained intact after 100 cycles. In fact, this high performance was possible not only because the optimised synthesis of the LFP powders, but also because of strict control of the structural quality of the materials. Several physical methods were utilized to analyse the local structure and the electronic properties of the phospho-olivine framework.
Figures 8(a)-(c)
present the electrochemical performance of cell in several configurations using LFP as positive electrode. The typical electrochemical profile of the C-LFP/1 mol·L -1 LiPF 6 -EC-DEC/Li cell at 60˚C is shown in Figure 8(a) . The charge-discharge curves were obtained by cycling at C/4 rate (about 35 mA/g) in the voltage range 2.2 -4.0 V vs Li 0 /Li + . The optimized LFP exhibits a reversible capacity that is maintained over many charge-discharge cycles. The 10th and 120th cycle shows a similar specific capacity of 160 mAh·g -1 . These results illustrate the excellent electrochemical performance of the carbon-coated olivine material. The electrode can be fully charged up to 4 V, which is its most reactive state. This remarkable performance is attributed to the optimized carbon-coated particles and their structural integrity under a large current in the electrode. Even at such a high cycling rate, C-LiFePO 4 exhibits rapid kinet-
Electrochemical Properties of Optimized LiFePO 4
To study the capacity fade of LiFePO 4 at 60˚C, we used three different negative electrodes, namely lithium metal, To investigate the impact of the crystallization of the surface layer of LiFePO 4 particles on the electrochemical properties, we have reported the first charge/discharge of a coin cell in Figure 8(b) , in which the active cathode element was non-coated LFP heated at 700˚C during 4 h and C-LFP for comparison. The same powder (particles of average thickness 40 nm) was used to avoid any size effect of the particles on the electrochemical particles. The experiments were performed at rate C/12 at room temperature. The results show that the capacity of the cell prepared with LFP heat treated at 700˚C is very small despite the crystallization of the surface layer of the LiFePO 4 particles. However, the capacity only reaches ca. 55% of its theoretical value, while, after carbon coating, the capacity of these particles is close to the theoretical value. This is indeed the evidence that, even in the case of nano-scaled particles, the carbon coating alone is far from sufficient to recover the full capacity of C-LFP, for the reasons we have recalled in the introduction. In our previous exploration of the surface properties of the LFP particle, we have shown by Raman spectroscopy that the deposit is a disordered graphite-type carbon [22] .
The small amount of carbon (<2 wt%) can be viewed as a film of irregular thickness, 3 nm thick on average, with gaps. The above experimental condition (ca. 60˚C) has a severe impact on the kinetics of the Fe 2+ /Fe 3+ redox reaction, but the recent report from Hydro-Québec Research Labs showed that this type of C-LFP electrode can be cycled at 60˚C without significant capacity loss for over 200 cycles [7] . The electrochemical performance of C-LiFePO 4 was tested in various conditions of temperature. At 2C rate, the capacity retention was 153, 136 and 93 mAh·g -1 for cells discharged at 60˚C, 25˚C and -10˚C, respectively [24] . The Ragone plots of cell cycled at 25˚C and 60˚C are shown in Figure 9 . The cells were cycled in the potential range 2.5 -4.0 V. The discharge capacity and electrochemical utilisation, i.e. the ratio discharge/charge, vs cycle number are excellent for the C-LiFePO 4 /LiPF 6 -EC-DEC/Li cells. At 10C rate, these Li-ion cells provide coulombic efficiencies 85% at 60˚C.
Conclusion
In this work, we compared the physico-chemical and electrochemical properties of a series of carbon-coated LiFePO 4 samples. A major effect of the carbon deposition process has been to reduce Fe 3+ , most probably hrough a gas-phase reduction process involving hydro- gen from the organic carbon precursor. The hydrogen prevents formation of γ-Fe 2 O 3 nanoparticles in which iron is in the trivalent state. The magnetic measurements indicated the presence of nanoclusters, i.e. Fe 2 P or/and γ-Fe 2 O 3 in non optimized samples. Thus, this study demonstrates that magnetic measurements (combination of M(H) and x(T) data) are beneficial for detecting ferric and/or ferrous impurities, as well as for the quality control of LiFePO 4 . Electrochemical tests have been conducted under various conditions to assess the influence of the electrolyte on stability and the influence of electrode processing. Post-mortem analysis showed that no iron species were detected at the separator-negative electrode interface in cells with lithium metal, graphite and CLi 4 Ti 5 O 12 . This result is attributed to the high quality of the "optimised" LiFePO 4 , impurity-free materials used as positive electrodes. The discharge capacity and electrochemical utilisation, i.e. the ratio discharge/charge, vs cycle number are excellent for the C-LiFePO 4 /LiPF 6 -EC-DEC/Li cells. At 10C rate, these Li-ion cells provide coulombic efficiencies 85% at 60˚C.
